Brittleness problem imposes a severe restriction on the potential application of tungsten as high-temperature structural material. In this paper, a novel toughening method for tungsten is proposed based on reinforcement by tungsten wires. The underlying toughening mechanism is analogous to that of fiber-reinforced ceramic matrix composites. Strain energy is dissipated by debonding and frictional sliding at engineered fiber/matrix interfaces. To achieve maximum composite toughness fracture mechanical properties have to be optimized by interface coating.
Introduction
Tungsten is currently the most favored candidate for the plasma-facing material of nuclear fusion reactors due to its refractory nature, excellent surface erosion resistance and good thermal conductivity. On the other hand, inherent brittleness and further embrittlement to be caused by neutron irradiation or recrystallization are the most critical drawbacks limiting its structural application. In this context, enhancement of the tungsten toughness has been one of the paramount R&D issues in the fusion reactor materials community. In general conventional metallurgical methods have been applied in order to improve the toughness including alloying with rhenium to increase ductility and severe plastic deformation or mechanical alloying followed by HIP to form a nanometer-sized microstructure [1] [2] [3] [4] . Oxide particles dispersion could increase the creep strength but reduced the tensile elongation [2] . There is a strong restriction in the chemical composition of plasma-facing tungsten, because the requirements of plasma compatibility and reduced activation have to be fulfilled. This limitation impeded flexible application of various metallurgical options. In spite of intensive research efforts, the hitherto achieved progress is still distant from the design specifications. Microstructural instability at high temperatures and damage under intense neutron irradiation are the main challenges. Therefore, there is an urgent need to explore a novel toughening mechanism which is able to function under such fusion-relevant loading environment.
Since last two decades, active research efforts have been conducted to develop long fiberreinforced ceramic matrix composites (FCMCs) for high-temperature structural applications.
Toughness of FCMCs has been notably improved and overall mechanical performance was successfully approved in several industrial applications (e.g. brake disks of an aircraft or a racing car) [5] [6] [7] . The working principle of a high toughness FCMC is the non-plastic energy dissipation caused by controlled interfacial cracking and subsequent frictional sliding at the debonded fiber/matrix interface [5] [6] [7] [8] . When a propagating primary matrix crack meets an array of fibers standing perpendicular to the crack faces, the primary crack can deflect along the vertical interfaces, provided a specific fracture mechanical condition is satisfied. Then the strong fibers collectively bridge the primary crack suppressing its dynamic extension. As the applied load is increased, the interfacial debonding may continue followed by fiber pull-out and the matrix crack opens further in a controlled manner. The total amount of the consumed energy is the measure of apparent toughness. The toughening mechanism of a FCMC is by now well understood in terms of fracture mechanics where fracture mechanical properties of interface are the determining parameters.
This toughening mechanism of FCMCs would also have validity for brittle tungsten provided that reinforcing fibers are strong enough and their interfaces are suitably engineered. Tungsten wire-reinforced tungsten matrix composite (W f /W) is a candidate. Commercially available tungsten wires are generally very strong (tensile strength: >2.7 GPa) and quite ductile. This beneficial property is ascribable to extremely textured fine-grained structure. Hence the original toughness of tungsten wires can be utilized until the wires become fully embrittled during fusion operation. The amount of its contribution to the total toughness of a W f /W composite will depend on the volume fraction of the wires. On the other hand, the overall chemical purity will be just slightly modified by interface coating because only thin (<1µm) films are used. To author's knowledge there is no previous publication in literature dealing with this kind of tungsten composites prior to authors'. The idea of a novel W f /W composite based on a fundamentally different toughening mechanism was the motivation of the present work [17, 18] .
As in the FCMC technology, one of the major engineering challenges is how to optimize the interface coating. To this end, integrated evaluation of fracture mechanical and metallurgical behavior of the engineered interface is needed. A fiber push-out test can provide relevant material data and information on microscopic failure feature of an interface. In this paper we present the results of extensive fiber push-out experiments conducted on W f /W composites either with ZrO x single-layer or Zr/ZrO x multi-layer interface coating. Single-filament minicomposite specimens were used. Interfacial parameters were determined by calibrating with theoretical equations. Microscopic analysis of the internal interface domains was carried out before and after a push-out test by means of scanning electron microscopy (SEM) and focused ion beam (FIB) preparation.
Experiment

Fabrication of composite specimens
A commercial tungsten (W) wire with diameter of 150 µm was used as fiber reinforcement.
The W wire was wound on two square stainless steel frames (edges: 10 cm) with interval of a couple of millimeters and put into a magnetron sputtering device for coating the wire surface.
Six different ZrO x coatings were prepared as follows (see Figure 1) : ZrO x single-layer films with three different average thicknesses (150, 400, 900 nm, respectively), a ZrO x single-layer film (140 nm) with a W protection film (140 nm), a Zr/ZrO x multi-layer film (35 nm/55 nm each) and a W/ZrO x multi-layer film (90 nm/90 nm each). Both multi-layer coatings consisted of five ZrO x films and five Zr or W films in an alternating way. Each of these coating layers shall form an engineered filament/matrix interface. The coated filaments were further coated with tungsten by CVD process using tungsten hexafluoride at 550°C to form a dense matrix mantle on the coated filaments. The fabricated single-filament W f /W composite rods had a diameter of 2.5 mm and length of 35 mm. To produce push-out test specimens the cylindrical rods were carefully sliced into thin discs with four different thicknesses ranging from 50 to 300 µm and finished by fine-polishing. It is generally expected that cutting of a composite rod into thin specimens would partially relax the residual stress. But this effect did not appear in our case since there was no residual thermal stress in the W f /W composite. Figure 1 shows the longitudinal sections of the four different as-fabricated interface coatings. The micrographs exhibit intact adhesion between the individual layers. Porosity was found in the W protection film whereas the zirconium oxide layers were dense.
Push-out test
Fiber push-out test has been widely applied to probe the interface properties of various fiberreinforced composites. At the same time theoretical models of push-out mechanics has been developed to interpret measured push-out responses and to calibrate interface parameters [9] [10] [11] [12] [13] [14] [15] [16] . In this study we used an instrumented macro-indentation device (< 2kN) for push-out test.
Details of the device, specimen and test procedure are found elsewhere [17, 18] .
In Figure 2 a typical push-out curve measured on a ZrO x single-layer coating (140 nm) is plotted. The original load-displacement curve (no.1) is compared with the calibrated one (no.2) which was obtained by subtracting the machine compliance. The corresponding pushed-out filament is also shown in the box. The area below the curve indicates the total amount of work done by the applied load. The other coatings showed also similar characteristics in overall push-out responses.
In the initial loading phase the response was nearly linear elastic until it reached the maximum load d P at the point B. Upon reaching d P , interface cracking was initiated triggering rapid (40 ms) brittle shear rupture. At the same time, the stored elastic strain energy was released in sudden bursts causing a dynamic push-out movement from B to C until the filament was decelerated by frictional resistance. The displacement ( o d ) generated by this dynamic event was 32 µm. A slight load jump was observed from C to D prior to the quasi-static progressive sliding stage which was caused by the delay of feedback signal to the load cell controller.
Beyond the maximum friction load fr p at D frictional resistance decreased gradually as the remaining contact area diminished. In this regime the applied work is mostly dissipated by cracking and frictional sliding at the interfaces. Push-out test was repeated five times for each specimen thickness.
Calibration of material parameters
The estimated material parameters of the interfaces are shear strength d τ , radial roughness stress r σ , friction coefficient µ , (roughness-induced) frictional shear stress r τ and fracture energy (toughness) i Γ . These parameters were calibrated by means of numerical regression using the theoretical equations of selected shear-lag models (cf. Appendix) [17, 18] . 
Results and discussion
Interfacial parameters
In Figures 3, 4 In terms of magnitude of the parameters, a systematic trend is not clearly appreciable in Table   1 . One important implication of the estimated i Γ data is that they satisfy the fracture-mechanical criterion for crack deflection at the interface. According to the pioneering work of He and
Hutchinson [19] , interfacial cracking in a bi-material bond joint under tension requires that the ratio f i Γ Γ be smaller than a specific value depending on elastic mismatch between the two bonding partners. Here, f Γ denotes the fracture toughness of the material in front of an approaching crack. If the elastic mismatch is negligible as in the present case where both fiber and matrix are tungsten, then the critical value is reduced to 0.25. But it is noted that this value was originally derived for a flat interface. The f Γ value of a commercially available tungsten wire is typically about 300 J/m² [20] . Substituting this value and the i Γ data into the criterion above, one finds that the requirement of crack deflection along interface is obviously satisfied ( f i Γ Γ : 0.01~0.02). It is well known that the capability of energy absorption (a measure of toughness) of a FCMC is actually determined by this ratio. 
Microscopic investigation
Direct validation of interfacial crack deflection
In previous section it was demonstrated that the calibrated i Γ values of the tested coatings satisfied the fracture-mechanical criterion of interfacial crack deflection. For direct visual validation of this prediction a 3-point mini bending test was conducted under in-situ SEM observation using a miniaturized single-filament specimen. To trace the crack propagation, the originally rod-shaped model composite (with Zr/ZrOx multi-layer coating) was cut along the longitudinal axis. For stable supporting of the half cylinder specimen during bending test, the two lateral edges were cut out to produce parallel side faces. The surface of the cut ACCEPTED MANUSCRIPT -9 -sections was fine polished. A sharp notch was introduced on one lateral face to define the crack initiation site. Figure 11 shows the cut section of a half-cylindrical mini specimen set up in a testing device after bending test. A schematic illustration is also attached. Until the applied load reached 110 N there was no sign of any failure. At 110 N a transverse crack was abruptly produced from the notch root and propagated rapidly in opening mode perpendicular to the specimen axis but without cutting the filament. The sharp crack plane extended though the matrix surrounding the wire. Figure 12 shows the cracked interface domain with higher magnification. The two micrographs clearly reveal that the primary matrix crack was deflected along the interface leading to controlled debonding at the interface while the filament bridged the opening crack.
This cracking feature coincides exactly with the typical toughening mechanism of a CMC.
This result may be a direct evidence to support our approach to realize a high-toughness tungsten composite material.
Conclusions
1. The fracture energy and shear strength of the filament/matrix interface in W f /W composites could be determined using the measured push-out test data and numerical fitting to theoretical equations. On the other hand, Liang and Hutchinson [12] argued that r τ was a constant friction term arising from an asperity mismatch at a broken interface. They suggested [18] , b : [17] , the presented data are modified one using an improved fitting algorithm. 
